A novel approach is described for establishing adsorbents for elimination of watersoluble organic dyes by using multi-walled carbon nanotubes (MWCNTs) as the adsorptive sites. Agglomerates of MWCNTs were dispersed into individual tubes (dispersed-MWCNTs) using sodium n-dodecyl itaconate mixed with 3-(N,Ndimethylmyristylammonio)-propanesulfonate as the dispersants. The resultant dispersed-MWCNTs were inserted into cavities of diatomite to form composites of diatomite/MWCNTs. These composites were finally immobilized onto the cell walls of flexible polyurethane foams (PUF) through an in situ PUF formation process to produce the foam-like CNT-based adsorbent. Ethidium bromide, acridine orange, methylene blue, eosin B, and eosin Y were chosen to represent typical water-soluble organic dyes for studying the adsorptive capabilities of the foam-like CNT-based adsorbent. For comparisons, adsorptive experiments were also carried out by using agglomerates of the sole MWCNTs as adsorbents. The foam-like CNT-based adsorbents were found to have higher adsorptive capacities than the CNT agglomerates for all five dyes; in addition, they are macro-sized, durable, flexible, hydrophilic and easy to use. Adsorption isotherms plotted based on the Langmuir equation gave linear results, suggesting that the foam-like CNT-based adsorbent functioned in the Langmuir adsorption manner. The foam-like CNT-based adsorbents are reusable after regeneration with aqueous ethanol solution.
Introduction
Dyes typify a class of colored chemicals long used in textile, leather, paper, plastic, and the other industries. Wastewaters and/or effluents discharged from these industrial practices often contain a certain amount of dyes, especially water-soluble, organic dyes, because of the inability to completely remove the highly water-soluble dyes using common coagulation processes. Water-soluble organic dyes, especially compounds with aromatic backbones [1] , are suspected carcinogens and known to exert potent acute and/or chronic effects on exposed organisms, depending on exposure time and dye concentration. The water-soluble organic dyes can also adsorb/reflect sunlight, which can inhibit the growth of bacteria to levels sufficient to biologically degrade impurities.
Moreover, the human eye can easily detect water-soluble organic dyes, resulting in aesthetic contamination even at very low concentrations.
Elimination of residual water-soluble organic dyes from wastewaters discharged from industrial colorants is therefore important to avoid possible environmental contaminations by dyes. Physical adsorption, because of its low cost, high efficiency, easy handling, wide variety of adsorbents, and high stabilities toward the adsorbents, has become the mostly widely used method for eliminating dyes from wastewaters.
Meanwhile, other methods, such as solvent extraction [2] , photocatalytic degradation [3] , and biodegradation [4] , have also demonstrated high potential for applications.
Carbon-based materials typify a class of significantly and widely used engineering adsorbents. Using new and advanced carbon-based materials as the adsorbents often yields a physical adsorption system with high adsorptive capabilities. In recent years, efforts targeting adsorbent development have turned to nano-structured carbon-based materials because of their extraordinary mechanical, electrical, thermal, and structural 4 properties. Carbon nanotubes (CNTs), including both the multi-walled types [5] and the single-walled types [6, 7] , represent a fascinating new member in the family of carbonbased materials. CNTs are cylindrically shaped, graphite-like, sp 2 -bonded, entirely carbon materials. Their large specific surface areas and sharper curvatures together with their high thermal and chemical stabilities make them ideal for application to the adsorption of pollutant chemicals, especially chemicals with aromatic backbones.
Two major difficulties have arisen with the use of CNTs for adsorption applications. Immobilization is an initial problem, which is commonly overcome using the traditional packing technique; for instance, by packing the agglomerates of multiwalled CNTs (MWCNTs) into a column. A column packed with MWCNTs can provide a flow system for continuously treating the liquid and/or gaseous effluents, but such a system often requires a high-pressure pumping system, which in turn diminishes the overall treating capacity of the adsorptive system. To overcome this difficulty, in earlier studies, we used cross-linked alginate hydrogels to encapsulate MWCNTs to create large-sized CNT-based adsorbents (> 400 mm). This kind of CNT-based adsorbent could absorb chemical pollutants with the simple addition of the beads to the wastewaters [8] , without requiring a high-pressure pumping system. However, the capability of the cross-linked alginate hydrogels for encapsulating MWCNTs was poor (<0.1 wt %), and they still exhibited low mechanical strength.
Enlargement of the effective surface areas of CNTs has been another important step in producing CNT-based adsorbents with high adsorptive efficiency. CNTs, because of the high aspect ratio of each tube and the strong van der Waals attractions among the tubes, often occur as large-sized agglomerates (often up to few mm) of many individual tubes. Adsorption of chemicals of higher molecular weights, such as the 5 water-soluble organic dyes, occurs mainly over the outermost surfaces of the CNT agglomerates. In other words, the innermost tubes often make no contribution to the adsorption of such chemicals. Dispersion of the agglomerates of CNTs into individual tubes can maximize the adsorptive surfaces; however, difficulties persist in keeping the CNTs in the individual forms while the tubes are packed or immobilized.
In this study, a novel approach was established for the creation of a CNT-based adsorbent with high adsorptive efficiency and high mechanical strength. This goal was Diatomite is a naturally occurring clay from geological deposits composed predominantly of the fossilized skeletons of unicellular organisms, particularly diatoms.
Because of its porous morphologies, diatomite has long been applied as a filter aid, filler, insulator, and catalyst support. Chemically modified diatomite also can eliminate water-soluble organic dyes, such as methylene blue, but naturally occurring diatomite has a lesser ability to absorb these dyes [9] . To the best of our knowledge, this study describes the first use of diatomite as the micro-container for MWCNTs maintained in their individual forms.
The resulting diatomite/MWCNT composites were finally immobilized on the cell walls of polyurethane foams (PUF) using the diatomite/MWCNT as additives during 6 PUF formation for preparing a foam-like, ternary type of adsorbent for adsorption of water-soluble dyes.
Experimental

Materials
Powders of agglomerates of MWCNTs with loose agglomerate sizes of 0.1-1 mm (trade name, Baytubes C150P) were purchased from Bayer MaterialScience (Germany).
Wall number was 3 -15; outer diameter distribution, 5 -20 nm; and inner diameter distribution, 2 -6 nm, as recommended by the manufacturer. Typical water-soluble, organic dyes, ethidium bromide, acridine orange, methylene blue, eosin B, and eosin Y were purchased from Acros Organic (New Jersey, USA). Table 1 gives the molecular structures together with other information regarding these dyes.
Diatomite was obtained from Eagle-Picher Filtration & Minerals, Inc. (USA, MW-27; average particle diameter, 13.0 µm; bulk specific gravity, 0.19 g/cm 3 ; brightness, 90; and pH 10; as recommended by the manufacturer). The specific area is found to be 1.4 m 2 /g based on the Brunauer-Emmett-Teller (BET) method.
NB-9000B, used as the binder for preparing the flexible, foam-type of the ternary absorbent, was provided by INOAC Corporation (Nagoya, Japan).
Spectrophotometric measurements of the contents of the dyes were carried out using the UV-Vis-NIR spectrophotometer V570 (Jasco, Inc., Japan) with a scan rate of 10-4000 nm/min and a spectral resolution of 0.025 -2 nm.
Preparation of dispersed-MWCNTs
Sodium n-dodecyl itaconate, an anionic surfactant that serves as a dispersant, was synthesized in the laboratory by essentially the same procedures as described in previous reports [10] 
Packing of dispersed-MWCNTs using diatomite and fabrication of the foamlike adsorbent
The diatomite was first washed thoroughly using deionized-water/ethanol (50/50) to eliminate possible impurities, followed by filtration and drying. A total of 100 g of the diatomite was added to 2 L of the dispersed-MWCNT suspension containing 1.3 wt% MWCNTs; after shaking gently for 24 h, the mixture was freeze dried to produce the diatomite/MWCNT composites. About 12.5 g of these diatomite/CNT composites, 50 mL deionized water, and 50 g NB-9000B (a polyisocyanate type of pre-polymer of polyurethane foam) were then mixed vigorously to produce the foam-like CNT-based adsorbent. This adsorbent was washed by deionized water and 50% ethanol aqueous solution, and then dried at 80°C before being used for the morphological observation and adsorptive studies.
Adsorptive studies
The absorptive experiments were conducted by the addition of approximately 100 mg of the foam-like CNT-based adsorbent to 50 mL of aqueous solutions containing the model dye. The solutions were shaken at 200 rpm for a certain period of time. Fractions of the dye solutions were sampled, and their absorbance was measured using the Jasco V570 UV-Vis-NIR spectrophotometer during the time courses. The content of the dye was calculated using a standard curve based on the Lamber-Beer law. 9 Aqueous suspensions containing the dispersed-MWCNTs were analyzed using a dynamic light-scattering size-distribution analyzer. Fig. 1 shows a typical result of the averages of five measurements for particle size distributions; the mean volume diameters at 10%, 30%, 50%, 70%, 90%, and 95% of the accumulative curve were 0.0347, 0.0514, 0.0694, 0.0971, 0.1601, and 0.1990 μm, respectively, suggesting that the MWCNTs in the suspensions occurred at the tubular level for dispersion.
Results and Discussion
Analysis of the dispersed-MWCNTs
Direct evidence showing dispersal of the CNT agglomerates into the tubular level was also observed using scanning electron microscopy (SEM) (Fig. 2 ). Raman spectroscopic data ( Fig. 5) for MWCNTs found in the composite of diatomite/dispersed-MWCNTs were identical to those for the as-received MWCNTs.
Packing of the dispersed-MWCNTs using diatomite
Note that at higher detection sensitivity, three intrinsic peaks between 800 -1100 cm -1 were observed for the entire diatomite samples; these peaks however were not observed for MWCNTs and for the diatomite/dispersed-MWCNTs, because of the lower detection sensitivity. Moreover, the average value of the BET (Brunauer-Emmett-Teller) specific areas of three measurements for the composite of diatomite/dispersed-MWCNTs was found to be 210.3 m 2 /g; which is almost identical to that for the asreceived MWCNTs (211.5 m 2 /g). In addition, changes in the adsorption/desorption behaviors for nitrogen were not observed (data not shown). These analytical data suggest that packing of the dispersed-MWCNTs into the cavity of the diatomite did not change the nature of the MWCNTs. In other words, the diatomite functioned only as a cage or container of micro-sizes for packing the MWCNTs.
Creation of foam-like CNT-based adsorbents
Polyurethane pre-polymers were used as the binders to immobilize the diatomite/dispersed-MWCNTs. The diatomite used in this study has an average particle diameter of about 13 µm; this size is suitable for immobilizing on cell walls, namely the PUF backbones, by simply adding the diatomite/dispersed-MWCNTs during the course of PUF formation. Fig. 6 shows typical SEM observations; diatomite/dispersed-MWCNTs successfully immobilized on the cell walls of PUF were observed. As these SEM observations indicate, diatomite was immobilized tightly on the PUF cell walls while the MWCNTs in their cavities were protected from being covered (overlapped) by the polymers. The resultant material is a macro-sized, flexible, foam-like CNT-based material (Fig. 7) . MWCNTs involved in this ternary composite were found to be 7.2 wt%, calculated from the TG-A data for the diatomite/dispersed-CNT/PUF ternary material (TG-A graph not shown).
Adsorption of the organic, water-soluble dyes
Acridine orange, ethidium bromide, and methylene blue (the cationic type) and eosin B and eosin Y (the anionic type) were used to represent the typical aromatic- Table 2 summarizes the capacities for dye adsorption for the other types of foamlike adsorbents (the PUF/agglomerated-MWCNTs and the PUF/dispersed-MWCNTs) and for the positive controls, together with the data for the ternary adsorbents (PUF/diatomite/dispersed-MWCNTs).
Among these three foam-like CNT-based adsorbents, the ternary material, namely, the PUF/diatomite/dispersed-MWCNTs, gave the highest capacities for adsorption of these dyes, followed by PUF/agglomerated-MWCNTs, and then PUF/dispersed-MWCNTs. In other words, insertion of dispersed-MWCNTs into the cavities of the diatomite was a practicable method for preventing MWCNTs being covered/overlapped by the polyurethane binders. Furthermore, the adsorptive capacity for PUF/diatomite/dispersed-MWCNTs was even higher than that for the entire CNT agglomerates, indicating the PUF/diatomite/dispersed-MWCNTs owning a higher adsorptive area than that of the CNT agglomerates.
Reusability of the PUF/diatomite/dispersed-MWCNTs
The PUF/diatomite/dispersed-MWCNTs were found to be reusable by regeneration using aqueous ethanol solution (ethanol/water, 50/50) as the regeneration solution in an ultrasonic generator. Fig. 9 shows typical results for methylene blue for three adsorption/regeneration cycles; the adsorbed dye was mostly released after the regeneration, and the capacity for the dye absorption remained unchanged. Similar results were also obtained for the other four dyes.
Behaviors of adsorptions
Adsorption isotherms were plotted and used for evaluating behaviors of adsorption of the aromatic-backboned, water-soluble, organic dyes by the PUF/diatomite/dispersed -MWCNTs. Parameters obtained from the adsorption isotherms give meaningful 13 insights into both the adsorption behaviors and the surface properties of the adsorbents.
In this study, the Langmuir model was used because it fitted well with the experimental data. Expression of the Langmuir model is given in eq. (1): (1) which was derived from the following Langmuir equation: (2) where q A is the amount of dyes adsorbed per gram of MWCNTs of the PUF/diatomite/dispersed-MWCNTs (μmol/g); C A is the equilibrium concentration (μmol/l) of the dyes in aqueous solution; Q is the theoretical saturation capacity of the monolayer adsorption of the adsorbent (μmol/g); and K A is the Langmuir constant that reflects the affinity of the adsorptive sites, or of the MWCNTs towards the dyes. Fig. 10 shows the typical adsorption isotherms for the five targeted dyes (plotted based on eq.
2). The adsorptive experiments were carried out at room temperature. Table 3 summarizes the values for K A and Q together with the coefficients (R 2 ) of the linear Langmuir isotherms (eq. 1) for these five dyes. All of the R 2 values exceed 0.99, suggesting that PUF/diatomite/dispersed-MWCNTs adsorbed these dyes in the Langmuir adsorption manner.
Acridine orange showed the largest Q value, followed by methylene blue, ethidium bromide, eosin Y, and finally eosin B. This order of Q values was also found in the adsorptive experiments involving the CNT agglomerates as the adsorbent.
In general, the amount of dyes absorbed by MWCNTs will reflect the affinity between the dyes and the MWCNTs. Previous studies have found that molecular geometries and charges (or polarities) of the adsorbates (in this study, the dyes) are the key factors determining interactions and thereby the affinity between the adsorbates and MWCNTs [11 -15] . First, in this study, the cationic dyes showed a higher propensity to be absorbed by MWCNTs than did the anionic dyes; this fact can be attributed to the electrostatic interactions between the π-electrons of MWCNTs and the positively charged moieties of the cationic dyes. In some cases, this phenomenon is referred to as π−π electron-donor (MWCNTs)/acceptor (cationic dyes) interaction [13] . Second, among the cationic dyes, acridine orange is an ideally planar molecule and therefore can be easily absorbed by MWCNTs by ππ stacking interactions between the aromatic backbone of the dyes and hexagonal skeleton of MWCNTs [12, 13] . Methylene blue is also an ideally planar molecule but was absorbed at smaller amounts than was acridine orange; this fact may be due to the unique structure of the central ring of the methylene blue backbone. Ethidium bromide, because of the sterol-hampering effects, was absorbed at the lowest quantities among these three cationic dyes. The π − π stacking interactions led to a chemisorption but in a much weaker manner, which takes place only in a monolayer; additionally, it is reversible only at high temperature. In our study, the regeneration of the adsorbents was conducted using aqueous ethanol solution (ethanol/water, 50/50) as the regeneration solution in an ultrasonic generator; this implies the regeneration of the adsorbed CNTs is difficult. 15 The pH zero point of charge (pHzpc) of the adsorbent and the pKa of the dyes are also important parameters determining the adsorptive capacity of the adsorbent for the dye adsorptions. Experimental data (Fig. 11 ) indicated that acridine orange and ethidium bromide were sensitive to the pH of the solutions; while methylene blue was less sensitive.
Finally, for the two anionic dyes, eosin Y and eosin B, because of both the πelectrons/negative-charge repulsion and the sterol-hampering effects, they were absorbed at smaller amounts than the cationic dyes. In other words, both the molecular geometry and the charge played important roles in determining the affinity and thereby the capacity for adsorption of the dyes by MWCNTs.
Conclusion
Through packing of the dispersed MWCNTs into the cavities of diatomite followed by the immobilization of the diatomite/dispersed-MWCNTs through an in situ PUF formation, CNT-based, foam-like, macro-sized, ternary adsorbents were created. It was capable of adsorbing the aromatic-backboned, water-soluble dyes from water, with cationic dyes exhibiting greater adsorption than anionic dyes. The capacity for dye adsorption of the PUF/diatomite/dispersed-MWCNTs was higher than for the CNT agglomerates because of the tubes were dispersed into tubular levels for dispersions.
Moreover, the PUF/diatomite/dispersed-MWCNTs were highly hydrophilic; this provides a desirable yet piratical approach for eliminating dyes from the contaminated water by simply dropping the foam-like, CNT-based adsorbent into the wastewater. The PUF/diatomite/dispersed-MWCNTs were also reusable after de-adsorption 
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